Abstract It is well established that in heart muscle the influx of Ca2`through Ca2`channels during the action potential is the main trigger for Ca2+ release from the sarcoplasmic reticulum (SR), but intact cardiac tissue and single myocytes are also known to exhibit spontaneous Ca2+ release from the SR under a variety of circumstances. Although conditions favoring spontaneous activity have been examined extensively, mechanisms modulating or regulating spontaneous as well as triggered Ca2+ release are still largely unknown. Using the high spatial and temporal resolution of laser-scanning confocal microscopy, we investigated subcellular aspects of spontaneous and triggered Ca2+ release in isolated rat neonatal myocytes loaded with the Ca2'-sensitive fluorescent dye fluo 3.
In mammalian cardiac myocytes, the release of Ca2' from the sarcoplasmic reticulum (SR) is the principal link between electrical excitation of the sarcolemma and mechanical activation of the myofilaments (for reviews see References 1 and 2). Under physiological conditions, the Ca2' release from the SR is triggered by Ca2`influx via Ca21 channels of the sarcolemma.3 This signal transduction mechanism is called Ca2+-induced Ca2' release (CICR)45 (for review see Reference 6) . The increase of [Ca2+I, is reversed by the combined activity of the Na+-Ca2+ exchange of the plasma membrane and the sarcoplasmic and sarcolemmal Ca21 pumps. A signaling system with such a substantial amplification of the initial trigger is expected to exhibit some spontaneous activity. This tendency for spontaneous release may result from occasional openings of SR Ca2+-release channels even under resting conditions.7 Indeed, spontaneous Ca2+ release is known to occur under various conditions of cellular "Ca2+ overload" and has pathophysiological implications for arrhythmias (eg, during intoxication with cardiac glycosides8). The arrhythmogenic activity of cardiotonic ste- roids has been attributed to delayed afterdepolarizations (for review see References 9 and 10). These Reprint requests to E. Niggli moving waves in these images was negligible. It takes 125 milliseconds to scan an image corresponding to 125 ,um. The wavelength of a Ca2+ wave was -15 ,um and was therefore scanned in 15 milliseconds. During this time period, the wave propagates "l1um (propagation velocity, =65 grm/s). Therefore, the wavelength was overestimated or underestimated by =6%, depending on the direction of wave propagation. The images were stored on an S-VHS videotape for later off-line analysis (VHR-6850H HQ, Sony). The resulting nonlinearity of the gray scale images was corrected with software running on an Apple computer.
For high temporal resolution, the line-scan mode of the setup was used (see Fig IA) . A single line selected from the confocal image was scanned repeatedly (up to a frequency of 250 Hz). The acquired lines were arranged successively in a top-down order to build up the line-scan image. Cells with detectable motion artifacts were excluded from the study. Since three-dimensional surface plots are frequently used to present data in the present study, Fig 1A illustrates the method of data acquisition and processing. Briefly, a single line within the cell was chosen from the cell image (Fig 1A, left) and repeatedly scanned with a frequency of up to 250 Hz. The recorded lines were successively ordered to build up the line-scan image representing one spatial dimension (x) and time (t) running downward (Fig 1A, center) . To facilitate the interpretation of line-scan images, we calculated threedimensional surface plots by encoding the fluorescence intensity in the height of each pixel (i; Fig 1A, right) . For the line plots, the same data were processed with a different technique. To compensate for inhomogeneities in the fluo 3 distribution, the fluorescence was normalized with the resting fluorescence (see "Materials and Methods" for details).
The fluo 3 fluorescence transient resulting from a voltage-clamp depolarization is shown in Fig 1B and Fig  IC. Here, the fluo 3 ratio measured in two different regions of the cell is illustrated (labeled 1 and 2 in Fig  1B) . This (Fig 3A) . The Ca ' transient originated in a focal Ca" release and subsequently propagated through the entire cell. Waves exhibiting the same properties were also recorded at higher temporal resolution in the line-scan mode of the confocal microscope (Fig 3B and 3C ). Line plots of the fluo 3 signal reveal that the Ca> transient appeared at three different regions within the cell in a successive order. The dotted line connects the peaks of the transients. The propagation velocity determined from the sequence was -65 gm/s.
In 60% of the spontaneously active myocytes, the Ca2' release had properties strikingly different from the wave-type pattern. In contrast to the propagation of Ca 2 along the entire cell as a Ca'4 wave, the Ca2> transients remained spatially restricted (Fig 4A) . The limited propagation of this focal type of Cat+ release is even more evident in the line scan (Fig 4B and 4C) . Three different domains in this cell showed focal Ca2t release independent from one another. The absence of a temporal correlation between the localized Ca't transients in this cell is also apparent from the line plot. (Fig 6C, left) . After adding 10 gmol/L ryanodine for 1 minute, the train of caffeine applications was repeated. The Since the propagation of subcellular Ca 2+ waves depends on the regenerative nature of the CICR, the observed variability of Ca 2+ wave propagation suggests that the degree of positive feedback (gain) inherent in the regenerative CICR is not constant at the subcellular level (see Reference 32) .
Variability of Positive Feedback in CICR
The hypothesis of a variable gain has already been proposed on a supracellular level on the basis of a number of experimental observations. Several studies with voltage-clamped cardiac myocytes have revealed a close correlation between L-type Ca2' current and the amount of Ca2' released from the SR during EC coupling.3,34 When SR Ca 2+ release in isolated myocytes was triggered by flash photolysis of caged Ca2', the mechanical activity was related to the light energy. 35 From these studies, it can be concluded that the degree of positive feedback in CICR has to be quite low. In contrast, other experimental results obtained under apparently similar conditions have indicated that the positive feedback has to be rather large. For example, in analogous voltage-clamp experiments, several authors found a considerably higher amplification of the Ca2+ release at voltages between -50 and -20 mV than at more positive potentials, although the release was still graded.36,37 Based on these and related observations, differences in the positive feedback were proposed to depend on membrane voltage.36 Furthermore, videoimaging systems for monitoring [Ca 2+]j revealed the existence of Ca21 waves in Ca2+-overloaded cardiac myocytes.1516 The waves were frequently initiated by a focal release in the periphery of the cell but then always propagated throughout the entire cell,18 again suggesting the presence of a large positive feedback. Recently, the observation of waves was confirmed in rat ventricular myocytes with confocal microscopy.31 It was then quite unexpected that in myocytes without Ca21 overload, local contractions could be activated that did not propagate along the cell as a Ca2' wave and did not --r.. Propagation of locally activated Ca 2+ release was found to depend on the Ca2+ load of the SR and was not associated with a higher level of diastolic [ In conclusion, the variability of Ca2`-release patterns and Ca24 wave propagation features suggests the existence of a spatially complex subcellular Ca2`-signaling network. Different structures of the network can be characterized on the basis of morphological (diads) and mathematical (cluster-bomb theory61) criteria as well as on functional grounds (eg, focal release versus wavetype release; subsarcolemmal and central SR compartment55). The complex interaction of subeellular functional elements has to be considered to understand cardiac EC coupling and is also likely to be relevant to other intracellular signal transduction processes.
Note added in proof: While this manuscript was being reviewed, elementary Ca24 release events were also reported in adult rat ventricular myocytes (Science. 1993;262:740-744).
